The mechanical properties of virgin and industrially fouled reverse osmosis membranes 3 (composite polyamide) used for the purification and desalination of seawater in desalination 4 processes were characterised using novel atomic force microscopy (AFM) methods. 5
Introduction

33
Membrane separation is now an established technology that has been applied for the 34 production of ultra-pure water by the purification and desalination of seawater using reverse 35 osmosis (RO) membranes. However, membrane filtration processes are commonly impeded 36 by membrane fouling, which leads to considerable technical problems, such as reduction in 37 water product quality and requirement for higher pressure. The life span of the membrane is 38 also shortened by fouling and the subsequent need for cleaning processes [1,2]. A major 39 contributing factor to membrane fouling within industry is the formation of microbial 40 biofilms at the surface of the membrane [3, 4] . Desalination plants can use a number of 41 strategies for the prevention and control of membrane fouling, which include the use of pre-42 treatment units for the removal of organic and inorganic dissolved substances and the 43 cleaning of the membrane by either back-washing or chemical wash [5] . To augment these 44 strategies many studies have focussed on the membrane fabrication stage to reduce fouling 45 and optimise the membrane processes [6, 7] . Thus, a greater understanding of the physical, 46 chemical and biological processes regulating biofilm formation and development is required 47 9 underlying substrate membrane. Prior to AFM analysis, the virgin and industrially fouled 157 membrane samples were soaked in deionised water at 4 o C for 24 hours, taking care not to 158 disrupt the foulant layer present on the industrially fouled membrane. In preparation for 159 imaging after 24 hours of initial soaking, the virgin and industrially fouled membrane 160 samples were left to dry then cut into small sections of 15 mm 2 within a sterile environment 161 and attached to one side of a glass cover slip using double sided adhesive tape. 162
In preparation for AFM force measurements, the virgin and industrially fouled membrane 163 samples were cut into small sections within a sterile environment and attached to one side of 164 a 25mm 2 circular glass cover slip using double sided adhesive tape. A circular 25mm 2 plastic 165 fluid cell was then placed over the cover slip and secured in place with silica gel. 3ml of the 166 liquid of varying pH and salt concentration was placed carefully into the fluid cell and left for 167 20 mins for the system to stabilise. 168
In preparation for streaming potential measurements, the virgin and industrially fouled 169 membrane samples were cut using provided templates (Anton Paar) into two rectangular 170 shaped pieces with specific holes for liquid flow, which would fit the rectangular fluid cell of 171 the instrument. 172
Membrane AFM images 173
A Dimension 3100 AFM (Bruker) was used for membrane imaging. Non contact cantilevers 174 were used for imaging (OTESPA, Bruker). The membrane images were achieved using 175 tapping mode within an air environment of 21 o C and a relative humidity of 40%. Tapping 176 mode AFM has been used extensively to image membranes and microbial surfaces [8, 9, 11] . 177
Tapping mode in air was used and not imaging in liquid, the latter is experimentally 178 demanding and risks imaging artefacts by damaging diffuse foulant layers if present. A scan 179 rate of 0.4Hz was used for most images, however for the largest scan size of 100μm x 180 100μm, a scan rate of 0.2Hz was used to achieve a higher quality image. The images were 181 analysed through the AFM Nanoscope software to obtain peak to valley and surface 182 roughness measurements for both the virgin and fouled membranes at each scan size. 183
Force spectrometry measurement of local elastic properties 184
The NanoWizard II BioAFM with top view optics (JPK Instruments) was used for the force 185 measurements on all membrane surfaces. AFM colloid probes were made using a 186 micromanipulator (Singer Instruments). In this technique a silica sphere of 3 μm radius was 187 attached to the apex of a tipless cantilever using glass bond glue. Only AFM colloid probes of 188 radius 3 μm were used in experimentation to standardise the contact area between the probe 189 and the surface. The colloid probe's cantilever spring constant was measured via the thermal 190 tune method. The silica colloid probe was chosen for indentation studies of the membranes 191 due to its well defined shape and larger tip radius when compared to manufactured silicon 192 nitride sharp tips [32] . This means that on a soft surface, the silica colloid probe will more 193 likely compress the surface, unlike sharp tips which could puncture and disrupt the surface as The equation widely used to calculate the force on the cantilever F(h) by using Hertz 220 mechanisms is [11] : 221
The tip is approximated by a sphere with the radius R. E*is known as the effective modulus 223 of a system tip-sample. The material of the tip is considerably harder than the sample, thus 224 the following equation was used: 225
Where E sample and υ sample are the denotations for the Young's Modulus and the Poisson ratio 227 for the materials of the sample, respectively. Through the substitution of the above equations 228 into the Hertz equation and analysis of the data from the force-distance curves, the Young's 229
Modulus of the sample was determined. 230
Statistical Analysis 231
All data are expressed as mean ± standard deviation. The statistical analysis was performed 232 using MiniTab Software, where normal distribution of variables was assessed using the 233 Krustill Wallis test. The non-parametric Mann-Whitney U test for independent samples was 234 used to compare mean values of adhesion force, work of adhesion and Young's modulus 235 between virgin and fouled membranes. Due to multiple testing, a Bonferroni correction was 236 applied for each analysis. 237 was further supported by previous work that used standard DNA techniques to identify the 251 key bacterial species involved in the industrial fouling of the membrane of this study [3] . 252 AFM technology has previously been utilized for the low resolution imaging of foulant layers 253 formed on process membranes [35, 36] . 254
Results and Discussion
The surface roughness and peak to valley measurements are shown in Table 1 , where the root 255 mean square (RMS) surface roughness of the virgin RO membrane was 174 ± 26 nm and the 256 peak to valley measurement of 1975 ± 757 nm and the RMS surface roughness of the fouled 257 membrane was 297 ± 44 nm and peak to valley measurement of 3837 ± 1013 nm measured 258 from the 100 x100 μm images. The results also show that as the scan size increases from 1 to 259 100 μm 2 , the values of surface roughness and peak to valley increase for both the virgin and 260 fouled membranes. The current results agree with the work of Boussu et al. [37] which found 261 that surface roughness increases with scan area from 0.5μm 2 to 10μm 2 with different NF 262 membranes, where an explanation is that when the scan size is changed, it is possible to get a 263 different surface topography, therefore resulting in a different roughness value [37] . From 264 Table 1 , it can also be seen that the fouled membrane surface has the largest surface 265 roughness and peak to valley measurements for all scan sizes when compared to the virgin 266 membrane, apart from the surface roughness values measured from the 10 x 10 μm image, 267
where the fouled membrane surface is smoother than the virgin membrane. The smoother 268 surface could be due to the presence of a cohesive fouling layer, which may have been 269 Modulus at lower pH coincides with a membrane that has a denser polymeric structure. 295
These results indicate that the electrolytic environment is a potential control parameter that 296 could be exploited to improve the mechanical robustness of a polymer membrane, where at 297 pH 3 the surface is at its most robust with the highest Young's modulus measured for all 298 electrolytic environments tested (1.45MPa). These results could provide the membrane 299 15 technologist with a method to improve the maintenance of membrane structure during the 300 chemical and physical challenges of operation and cleaning. 301
The mean values of Young's modulus for the fouled membrane increased from pH 3 to pH 7 302 and then decreased in magnitude from pH 7 to pH 9, where these values were only 303 significantly different (p<0.017) from pH 7 (93.8kPa) to pH 9 (48.0kPa). The mechanical 304
properties of the fouling layer present on RO membrane surface will affect the shape and 305 stability of the layer and therefore can determine the failure and detachment of the fouling 306 layer in reaction to a physical force such as fluid-induced shear and also the accumulation of 307 such fouling layers in industrial environments [41] . The dependence of the membrane foulant 308 layer Young's modulus on pH could be due to the nature of the different foulant materials 309 within the biofilm and their difference response to the environmental conditions. Therefore 310 the elasticity of the foulant surface present on the membrane surface could vary with 311 industrial conditions. This suggests that optimum electrolytic conditions could be determined 312 where the elasticity of the foulant layer is at its lowest, rendering cleaning regimes, such as 313 cross-flow, more effective in removing and breaking up the foulant biofilm. 314
The comparison between the values of Young's modulus achieved from the virgin and fouled 315 membrane at each pH value showed that all the values of Young's modulus of the virgin were 316 significantly different from the Young's modulus of the fouled membrane (p<0.017), where 317 the values of Young's modulus were greater in magnitude for the virgin membrane (1450kPa 318 at pH3) than that for the fouled membrane (70.9kPa at pH3). The measurement of Young's 319 modulus can be used to compare the fouling within different process conditions for 320 optimisation, in that lowering the mechanical robustness of the fouling layer and/or raising 321 that of the membrane surface will enable the cleaning regime to be more effective. GPa) and hydrated state (0.36 ± 0.14 GPa), using a combined wrinkling-cracking 328 methodology. The difference between these values and those measured in this study are due 329 to the environment in which the measurements were taken and the level of membrane 330 hydration. The indentation experiments in the present study are performed in a liquid 331 environment, as would be in the industrial process, and a colloid probe was used which could 332 also account for this difference in elasticity values; measurements made using a sharp AFM 333 tip will be based on material rupture during layer penetration rather than compression by the 334 colloid sphere. In addition, the studies performed here are industrially relevant with ionic 335 concentrations which would be present within the desalination process, unlike other studies. 336 337
Adhesion Force 338
The mean adhesion force values were determined from force measurements achieved at 339 virgin and fouled membranes in 0.6M NaCl at pH 3, 7 and 9, where the data is shown in 340 Table 2 . NaCl was chosen for the electrolytic media to keep the experimental environment 341 simple, however the lack of divalent and trivalent ions, which can influence colloidal 342 indicator of the degree of particle interaction with that surface. This will be more relevant to 359 the surface interaction with inorganic particles rather than biological particles where specific 360 macromolecular interactions may dominate. It should be noted that many bacteria have a 361 negative charge similar to that of a silica colloid. Thus, the significant differences (p<0.017) 362 in adhesion at the virgin membrane surface as the pH is changed demonstrates that some 363 fouling could be reduced at this membrane surface by controlling the pH. However, this 364 should be considered with reference to pH tolerance of the membrane material and how the 365 electrolytic environment affects the mechanical properties of the membrane (as discussed in 366 section 4.2) as previous research has observed the bacteria adhere to harder surfaces [28] . 367
The average values of adhesion force for the fouled membrane showed very little variation 368 between the different pH values, where the adhesion force value at pH 3 was 0.7nN. The 369 mean values were not significantly different (p>0.017) between all pH values, so it was 370 concluded that pH did not have a measurable influence on the values of adhesion force. This 371 was expected, the chemical heterogeneity of the fouling material will mean that different 372 chemical groups will be ionised to different degrees within the different pH environments, 373 thus there will be no net change in the interactivity of the fouling film. The extent of 374 electrostatic interactions will be reduced within the high ionic strength environment of the 375 present research, thus another explanation for the consistency of adhesive force measured at 376 the different pHs could be the dominance of hydrophobicity on the interaction of the colloid 377 probe and the fouled surface. 378
The comparison between the values of adhesion force achieved from the virgin and fouled 379 membrane at each pH value revealed that the values of adhesion force of the virgin 380 membrane at pH 3 (6.0nN) and pH 7 (1.8nN) were significantly different from the adhesion 381 measured at the fouled membrane at pH 3 (0. The results obtained at 0.6M NaCl at pH 9 in the present study revealed adhesion force 394 values of 0.98 nN, which when normalized for colloid radius of 3μm the adhesion value is 395 0.33mN/m, where the differences between the adhesion forces measured by the studies could 396 be due to the very high loading force used by Bowen and Doneva [38] . The colloid would 397 have indented the sample to a greater extent than the present study, hence more surface area 398 contact would have occurred between the sample and the colloid. In addition, the 399 measurements in the present study were at random positions across the membrane surface, 400 with no separation of measurements from peaks and valleys.. 401
Work of Adhesion
402
The measurement of adhesion from the retraction force curve minima does not account for 403 the mechanisms involved in adhesion (Figure 1) . It is the shape of the force curve adhesion 404 component, which can be described by the work of adhesion, that provides information on 405 interaction mechanisms such as ligand-receptor peeling. The work of adhesion is the work 406 which must be done to separate two adjacent phases, liquid-liquid or liquid-solid phase as in 407 the case here. The mean work of adhesion values were determined from force measurements 408 at virgin and fouled membranes in 0.6M NaCl at pH 3, 7 and 9, where the data is shown in 409 
